The Sustained Spheromak Physics Experiment (SSPX) uses a magnetized coaxial gun to form and sustain spheromaks by helicity injection. Internal probes give the magnetic profile within the gun. Analysis of these data show that a number of commonly applied assumptions are not completely correct, and some previously unrecognized processes may be at work. Specifically, the fraction of the available vacuum flux spanning the gun that is stretched out of the gun is variable and not usually 100%. The n=1 mode that is present during sustained discharges has its largest value of δB/B within the gun, so that instantaneously B within the gun is not axisymmetric. By applying a rigid-rotor model to account for the mode, the instantaneous field and current structure within the gun are determined. The current density is also highly non-axisymmetric and the local value of λ≡µ 0 j || /B is not constant, although the global value λ g ≡µ 0 I g /ψ g closely matches that expected by axisymmetric models. The current distribution near the gun muzzle suggests cross-field current exists, and this is explained as a line-tying reaction to plasma rotation.
I. INTRODUCTION
A spheromak 1 is a simply-connected toroidal magnetic equilibrium that approaches a force-free state described by ∇×B=λB. The eigenvalue λ≡µ 0 j || /B is a flux surface quantity that approaches a global constant via relaxation while conserving magnetic helicity. The helicity K≡∫A⋅B dV, where A is the magnetic vector potential, is a measure of flux linkage within the spheromak volume. This volume is usually defined by a conducting wall referred to as 'the flux conserver'. Helicity is conserved on a timescale long compared to the Alfven and reconnection times, and only decays on the resistive diffusion timescale. 2 This implies that a spheromak equilibrium can be sustained by injecting helicity at a rate greater than or equal to the helicity decay rate. 3 One way this is accomplished is to connect a magnetized coaxial gun to the flux conserver. The resulting helicity balance equation is dK/dt = 2V g ψ g -K/τ K , where V g is the gun voltage across the gun flux ψ g that penetrates both electrodes, and τ K is the helicity decay time. This equation describes the helicity in the entire flux conserving volume that contains plasma capable of carrying current, which includes the flux conserver and the coaxial gun up to the insulating break.
The helicity balance description may be used to predict the final equilibrium state brought about by relaxation. However, it does not predict the relaxation mechanism(s) that will accomplish this, i.e. it does not describe how current initially driven along open flux at the edge leads to current driven on closed flux within the core on a timescale shorter than τ K . Various magnetic dynamo During sustained spheromak experiments, magnetic probes at the edge almost universally observe a time-varying departure from toroidal symmetry of the form e i(ωt+nφ) with n=1. The toroidal angle is φ and ω is referred to as 'the n=1 frequency'. The Spheromak Experiment (SPHEX) 5, 6 made internal floating potential, magnetic probe, and Rogowksi (current) probe measurements all the way to the symmetry axis of the equatorial plane of a spheromak while this "n=1 mode" was active. The n=1 mode was the n=1 mode dominates the spheromak during sustainement, and is believed to be responsible for relaxation current drive. 7, 8 Historically, less attention has been given to the field and current structure within the coaxial gun that injects helicity and sustains the spheromak than to the spheromak equilibrium itself. Three assumptions are commonly applied to the gun that simplify analysis of coaxial helicity injection: 1. The field and current are axisymmetric to first order 1 flux conserver show that during sustainment with an n=1 mode present, the open field fluctuation (peak-to-peak) δB z /B z =15-20% across the entire gun width. Since the frequency of the n=1 fluctuation is relatively constant and does not vary with radius a rigid-rotor model is applied to the data to obtain a "snap-shot" of the instantaneous asymmetric field and current distribution in the gun. For identical shot configurations, the total flux stretched out of the gun can fall within the range 0.65ψ g to ψ g , with shot-to-shot and time-averages of 0.80ψ g , meaning that some fraction of ψ g does not link the spheromak formed in the flux conserver. The local value of λ on the open flux is not uniform, and one implication of this is the existence of current perpendicular to the field.
Finally, this cross-field current is shown to put a force on the plasma in the toroidal direction, and this is interpreted as a line-tying reaction to plasma rotation that is observed in spheromaks.
EXPERIMENTAL SET-UP
The SSPX goals 9, 10 , parameters 11 and diagnostics 12 have been described in detail elsewhere. Fig. 1 shows the SSPX cross section and labels the features that will be referred to in this paper, including the coaxial gun, flux conserver, gun flux, and one of three magnetic probe arrays used in this study. This study is based on an operating configuration that uses only the central gun coil to produce ψ g =18 mWb, and a 1.5 MJ pulse forming sustainment bank connected to the gun that drives current for about 4 ms.
During the middle 2 ms of each shot, helicity balance estimates 13 predict a net increase in helicity and the self-generated equilibrium field is observed to be roughly constant or growing slowly. A coherent n=1 mode is visible on all magnetic signals during this time (see Figure 2 ).
The internal magnetic probe arrays are mounted on linear actuators to allow complete retraction behind the outer electrode wall. Two arrays are at φ=292° (the one shown in Figure 1 and another 10 cm above it) and a third array is at φ=90° at the same height as the array shown in Figure 1 . Each array has six radial, six axial, and six toroidal field probes to span the gun gap. When fully inserted, the closest probe set is 10 mm away from the surface of the inner electrode. Consecutive discharges with identical settings are compared with and without probes inserted to gauge the perturbation. This shot configuration shows no discernable difference on edge magnetics, gun voltage, or peak electron temperature (40-50 eV) with or without probes inserted, suggesting that perturbation is negligible. This quantity is expected to be identical to ψ g , but the measurements show otherwise. For identical discharge conditions, the injected flux is as high as 100% of ψ g and as low as 65%, with an uncertainty of 6%. The average value over time and many shots is 80%, which roughly corresponds to the fraction of ψ g anchored to the outer wall at and below the gas valves. Figure 5 shows the ejected flux versus time for two identical discharge settings. Values greater than 100% may be the result of closed equilibrium flux penetrating the gun gap and the probe array.
DATA ANALYSIS AND RESULTS
The axial current density is (curl B/µ 0 ) z . This is calculated using the probe measurements and the rigid rotor model for variation in φ. If the plasma is force free, then the local λ is µ 0 j z /B z at all points in the annulus, and this is shown in Figure 6 Summing the currents always gives a nonzero remainder less than 10% of I g , so this condition is satisfied within error. Figure 7 shows the distribution of axial current at the height of a probe array for a typical discharge: current flows out of the gun in plasma is predominantly parallel to the wall, i.e. current perpendicular to surfaces is negligible.
We can determine the total current I flowing through an axisymmetric piece of a cylindrical shell. The force F and associated torque τ about the axis are: by the material, which is simply 2π. The current flowing through the material is integrated over the total flux it crosses. We restrict our attention to the volume containing the plasma-facing coaxial electrodes. Figure 9 shows the wall current calculated from the toroidal field at the walls using the rigid rotor analysis as a function of the flux it crosses in the copper, where the flux is defined as zero at the insulator and the maximum at the bottom centerline of the machine. The lower curve is produced from the toroidal field probes in the outer wall.
The upper curve is the case in the inner electrode where the only toroidal field probe available is the one at the end of one insertable array. The area under each curve is proportional to the torque on that wall, and since these areas are unequal there is a net torque on the vessel and an equal and opposite torque on the plasma. Thus there must be a toroidal jxB force on the plasma in the counter-clockwise direction in the contour plots of Figure 4 . This is opposite to the direction that the n=1 mode propagates (clockwise).
We speculate that this jxB force is generated by a line-tying mechanism on the open field lines as a response to toroidal plasma rotation. Impurity ion velocity measurements have been very limited in SSPX and unavailable for this study, although a 60 km/s toroidal ion flow in the same direction as the n=1 propagation was observed using an Ion Doppler Spectrometer in a different discharge configuration. 15 Ion rotation in the same direction as the n=1 mode has also been confirmed in another spheromak 16 and in a spherical torus 8 that uses coaxial helicity injection. While the exact cause of this rotation is uncertain, any toroidal momentum on the open flux would cause a line-tying reaction. In the ideal limit, E=0 in the copper, E || =0 in the plasma, and therefore E ⊥ =0=vxB in the plasma on open flux. So in the ideal limit no motion perpendicular to the open field is allowed: cross field current is driven to exactly cancel it. For the more realistic case of finite resistivity η, we have ηj=vxB. The cross field current j ⊥ is just the amount necessary to hold v ⊥ constant through the action of a j ⊥ xB force on the plasma.
The line tying current j ⊥ is the cross-field current we infer exists from the probe measurements.
SUMMARY
The coaxial gun used to sustain the SSPX spheromak has been shown to break many of the commonly held assumptions. The amount of gun flux utilized varies, even for identical machine settings, and this affects the helicity injection rate. When a large n=1 mode exists during sustainment, the flux and current within the coaxial gun become
asymmetric. The open field line plasma is not force free in this case, and we infer from measurements that a cross-field current exists. We speculate that this current is due to the line tying effect acting to counter plasma rotation. Measurements of the rotation profile are needed to quantify this work further. 
